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Abstract:

 To promote geothermal development in Aomori Prefecture, Japan, this study compiled a database of the geothermal resources of the prefecture, which included chemical data for 786 hot springs, temperature data for 26 natural springs, and subsurface temperature data for 35 wells. A map of the activity index distribution for the entire prefecture was also developed using the Aomori Prefecture Geothermal Resource database, and its efficiency was discussed by comparison with the distribution of Quaternary volcanoes and the temperature distribution map calculated using quartz and Na-K solute geothermometers. The activity index distribution map for the entire prefecture showed a good fit with both the distribution map of a region with a sharp eastern edge of low-velocity zones in the mantle wedge and the volcanic front, as well as the temperature distribution map calculated using the quartz and Na-K geothermometers. This reflected the effectiveness of the developed map, which indicated the Hakkoda-san and Hiuchi-dake areas as promising for geothermal development. Given that the activity index distribution map is easy to use, it could become a method of assessment, in conjunction with temperature distribution maps calculated using solute geothermometers, for detecting promising areas in the early stages of geothermal exploration.
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1. Introduction


The need for greater use of renewable energy has increased in Japan following the Great East Japan Earthquake that occurred on 11 March 2011. Geothermal energy has an advantage as the only stable source of power among the available renewable energies. Japan ranks third in the world in terms of available geothermal resources; however, these resources have not been utilized effectively and as of the end of 2015, the total capacity of installed geothermal power plants in Japan ranked only ninth in the world [1]. Much of Japan’s geothermal resources are concentrated in the Hokkaido, Tohoku, Chubu, and Kyushu regions [2], and as of the end of 2014, seven of the 18 geothermal plants operating in Japan were located in the Tohoku area [3].



Aomori Prefecture, located within the Tohoku region, is home to several Quaternary volcanoes and calderas (Figure 1) as well as abundant hot springs [4]. Although several geothermal development surveys have been conducted in the past around these Quaternary volcanoes and calderas [5,6,7,8], no geothermal plants have been built for lack of identification. In order to contribute to the construction of geothermal plants within the prefecture, the objective of this study was to build the Aomori Prefecture Geothermal Resource database by compiling chemical data for 786 hot springs, temperature data for 26 natural hot springs, and subsurface temperature data for 35 wells, and to develop an assessment map for areas with geothermal potential across the Prefecture.


Figure 1. Topographic summary of Aomori Prefecture, Japan. Red triangles indicate the locations of major Quaternary volcanoes and calderas. Map is based on a 10 m-mesh digital elevation model developed by the Geospatial Information Authority of Japan.
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A solute geothermometer is a method for estimating the geothermal reservoir temperature from the chemical data of hot springs, and it is an important tool in the early stages of geothermal exploration. Determining the estimated temperature distribution is necessary when assessing the geothermal development potential of an area. In addition, the activity index [9] has also been reported effective in Aomori Prefecture for estimating the subsurface thermal structure around the Hakkoda-san area and Shimokita Peninsula [10]; however, a distribution map of the activity index for the entire prefecture has yet to be developed. Therefore, this study developed an activity index distribution map for the entire prefecture, compared it with the distribution of Quaternary volcanoes and temperature calculated based on solute geothermometer measurements, evaluated the effectiveness of the developed map, and attempted an assessment of areas with potential for geothermal development within the prefecture. Solute geothermometers were used for the comparison after those capable of estimating reservoir temperatures with the highest precision across the prefecture were established.




2. Geothermal Resource Database of Aomori Prefecture


The Aomori Prefecture Geothermal Resource database consists of chemical data for 786 hot springs, temperature data for 26 natural hot springs, and subsurface temperature data for 35 wells obtained from the “Atlas of Hydrothermal Systems in Japan” [11] and the “Record of Hot Spring Geology in Aomori Prefecture” [12]. The former is a collection of chemical data for 7203 hot springs and subsurface temperature data for 3066 wells across Japan, which was published in 2009 as a digitized CD-ROM [13]. Chemical data for 378 of the hot springs and subsurface temperature data for 35 of the wells were included in the Aomori Prefecture database. The latter contains spring temperatures, drilling depths, and chemical data for 408 hot springs, and discharge temperatures for 26 natural springs, which were also included in the Aomori Prefecture database.



The units of chemical concentration of the data collected for the database included both mg/kg and mg/L, but this study treated values expressed as mg/kg and mg/L as approximately equal.




3. Subsurface Thermal Structure Based on the Activity Index


The activity index is an indicator, proposed by Hayashi et al. [9], for the quantitative assessment of the temperature grade of geothermal wells and fields. It is based on the subsurface temperature of active geothermal areas increasing along the boiling curve of pure water with depths, and it has been used frequently in domestic geothermal developments [14,15]. The activity index can be calculated using the following equation:
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(1)




where Tm is the maximum temperature at the observed depth, Tb is the temperature as indicated by the boiling curve of pure water at the observed depth [16], Tg is the temperature derived from the average temperature gradient (30 °C/km) at the observed depth. The activity index is thermally more active as the value approaches 100. As the equation shows, a is Tm−Tg and b is Tb−Tg. As an extreme case, it is noted that the activity index exists even when the depth is 0 m [15]. In this case, the activity index is either equivalent to the discharge temperature of the natural hot spring or it is the minimum value of the index.



Based on the Aomori Prefecture Geothermal Resource database, this study calculated and mapped the activity index values using data for 510 hot springs, temperatures for 26 natural hot springs, and bottom-hole temperatures for 35 wells, which had values available for spring temperature and drilling depth, both of which are needed for the calculation of the index. When calculating the activity index from hot spring data, the spring temperatures were assumed the maximum temperature at the given drilling depth, while spring temperatures for natural springs were assumed equal to the activity index. The map was developed using generic mapping tools (GMT) Version 4.5.9 (University of Hawaii at Manoa, Honolulu, HI, USA), and the contoured values were smoothed to 0.2-min intervals (approximately 370 m in the longitudinal direction) [17]. The tension factor was assumed 0.7. The activity index distribution map for the prefecture revealed a tendency in which the index values were higher around Hakkoda-san area and the Shimokita Peninsula (Figure 2).


Figure 2. Activity index distribution map. Black dots indicate the data locations and red triangles indicate the locations of major Quaternary volcanoes and calderas.
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4. Subsurface Thermal Structure Based on Solute Geothermometers


Temperatures calculated from several solute geothermometers were compared for the purpose of selecting the geothermometers capable of estimating geothermal reservoir temperatures with the highest precision across the entire area of the Aomori Prefecture. The solute geothermometers used were the quartz conductive geothermometer [18], Na-K geothermometer [19], K-Mg geothermometer [19], Na-K-Ca geothermometer [20], and Na-K-Ca-Mg geothermometer [21] (Table 1). The results of the calculated temperatures are shown as isothermal lines in Figure 3.


Figure 3. Distribution maps for major solute geothermometers. Black dots indicate data locations and red triangles indicate the locations of major Quaternary volcanoes and calderas.
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Table 1. Major solute geothermometers used in this study.



	
Geothermometer

	
Equations

	
References






	
Quartz (no steam loss) (concentrations in mg/kg)
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Fournier, 1977 [18]




	
Na-K (concentrations in mg/kg)
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Giggenbach, 1988 [19]




	
K-Mg (concentrations in mg/kg)
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Giggenbach, 1988 [19]




	
Na-K-Ca (concentrations in mol/kg)
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Fournier and Truesdell, 1973 [20]
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Na-K-Ca-Mg (concentrations in eq)
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Fournier and Potter, 1979 [21]
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Data for the chemical analyses necessary for the calculations based on solute geothermometers were obtained from the Aomori Prefecture Geothermal Resource database. Because these values varied in their reliability, because they were analyzed using different methods by various analyzers and at different times, these data were used only if the ion balance, as calculated by Equation (2), was within ±10%:
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(2)







The term ΣCations is the total amount of cations in the hot spring and ΣAnions is the total amount of anions in the hot spring. However, data from the “Osore-zan hot spring” and “Sukayu hot spring” cited from the “Atlas of Hydrothermal Systems in Japan” were included as exceptions despite their ion balance being −14% and −17%, respectively. They were included because, even though both springs had strong acidity of pH < 3, metal elements such as Fe and Al, predomiantly available in acidic hot water, were not analyzed. This was assumed to be the reason why the ion balance values exceeded ±10%. Consequently, 713 data elements were used for the quartz conductive geothermometer, 733 for the Na-K geothermometer, 708 for the K-Mg geothermometer, 717 for the Na-K-Ca geothermometer, and 540 for the Na-K-Ca-Mg geothermometer. Table 1 shows the equations for each of the geothermometers.



Isothermal lines were developed using GMT Version 4.5.9, where the values were smoothed and contoured at 0.2-min intervals (approximately 370 m in the longitudinal direction) [17]. Figure 3 shows the results where two major trends can be observed. The quartz geothermometer and Na-K geothermometer calculated higher temperatures in the Hakkoda-san area and the Shimokita Peninsula, which is a trend similar to that of the activity index distribution. Conversely, the K-Mg, Na-K-Ca, and Na-K-Ca-Mg geothermometers calculated lower temperatures in these two areas.




5. Discussion


5.1. Reliability of Solute Geothermometers


Solute geothermometers have been used frequently in geothermal developments because they can be used to estimate the subsurface temperature from chemical data alone. However, caution must be exercised because the results are expressed using a simple equation based on a few assumptions, e.g., the point of reaching an equilibrium at the geothermal reservoir is assumed conserved until discharge at the ground surface [18]. Therefore, this study considered the precision of major solute geothermometers by comparing the geothermal reservoir temperatures estimated by the geothermometers and the discharge temperatures of the hot springs. Figure 4 plots spring temperatures on the vertical axis and geothermal reservoir temperatures, estimated by the geothermometers, on the horizontal axis. Generally, reservoir temperatures should be higher than the discharge temperatures of the hot springs because of the geothermal gradient. Therefore, solute geothermometers that estimated reservoir temperatures that were lower than the discharge temperatures can be considered unlikely to be able to estimate reservoir temperatures with great accuracy.


Figure 4. Comparison of major solute geothermometers and spring temperatures. Horizontal axis plots the reservoir temperatures estimated by the geothermometers and the vertical axis plots the discharge temperatures of the hot springs. Black line indicates the linear y = x line.
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Table 2 shows the number of low-accuracy data and their ratio for each of the solute geothermometers. The ratio of low-accuracy data was 0.7% for quartz, 0% for Na-K, 2.8% for K-Mg, 5.7% for Na-K-Ca, and 16.1% for Na-K-Ca-Mg. The results suggested that the quartz and Na-K geothermometers, both of which had fewer low-accuracy data, were the solute geothermometers most capable of estimating geothermal reservoir temperatures with high precision in Aomori Prefecture. This conclusion was also supported by the fact that the K-Mg, Na-K-Ca, and Na-K-Ca-Mg geothermometers indicated lower temperatures than expected for the Quaternary volcano areas.


Table 2. Total number of data used for the calculation by the major solute geothermometers, total number of low-accuracy data, and the ratio of low-accuracy data. Low-accuracy data indicate data in which reservoir temperatures estimated by the geothermometers were lower than the spring temperatures.


	Geothermometer
	Quartz (No Steam Loss)
	Na-K
	K-Mg
	Na-K-Ca
	Na-K-Ca-Mg





	Total number of data
	713
	733
	708
	717
	540



	Total number of low-accuracy data
	5
	0
	20
	41
	87



	Ratio of low-accuracy data
	0.7%
	0%
	2.8%
	5.7%
	16.1%










5.2. Reliability of the Activity Index Map


The Tohoku region, including the Aomori Prefecture, is located along the Japan Trench, where the Pacific Plate subducts beneath the North American Plate and volcanoes form a belt-like front parallel to the trench. Based on a detailed subsurface velocity structure, determined by applying seismic tomography beneath the Northeastern Japan arc, Nakajima et al. [22] identified a sheet-like low-velocity zone inclined nearly parallel to the plate boundary, which ranges from about 100–150-km depth to the Moho discontinuity within the mantle wedge. Furthermore, Hasegawa et al. [23] indicated that the distribution of Quaternary volcanoes matched the distribution of the inclined low-velocity zone in the mantle wedge, particularly its sharp eastern edge (Figure 5). Low-velocity zone is locally thick and there is a large amount of melt. This melt sometimes separates and rises straight in regions of the back-arc side [23]. The activity index distribution map developed in this study and the distribution of the region with a large ratio of decreasing velocity within the low-velocity zones were in good agreement, suggesting high reliability of the activity index distribution map developed for the entire Aomori Prefecture.


Figure 5. 3D concept model of the crust and upper mantle structure of Aomori Prefecture (modified from Hasegawa et al. [23]).
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5.3. Comparisons between the Activity Index and Solute Geothermometers


Comparison between the activity index distribution map and temperature distribution, calculated based on those solute geothermometers assumed capable of estimating geothermal reservoir temperature with high precision across Aomori Prefecture, showed that the high activity index areas and high temperature areas were in good agreement. This result gives good indication based on our study results. Therefore, it may be considered that the Hakkoda-san area and Shimokita Peninsula are two areas with potential for geothermal development. Since 2013 after the Great East Japan Earthquake, several geothermal development surveys have been conducted at the Hakkoda-san area and Shimokita Peninsula. These surveys are supported economically by Japan Oil, Gas and Metals National Corporation (JOGMEC).



While this study compared the activity index distribution map and temperature distribution map calculated using quartz and Na-K geothermometers, both maps can be considered complementary in the assessment of areas with potential for geothermal exploration. Solute geothermometers are advantageous in that they use chemical data from hot springs, which can be used to estimate geothermal reservoir temperatures based on simple calculations, making them an important tool in current geothermal exploration, but they are flawed because depth is not considered. Conversely, the activity index has the advantage that it can be used to estimate the subsurface thermal structure and thus, it is capable of considering depth, thereby compensating the flaw of solute geothermometers. By combining the conventional method of solute geothermometers with the results derived from the activity index, a more detailed estimation of subsurface thermal structure becomes possible. Therefore, similar to solute geothermometers, the activity index might also become considered as a method useful in the early stages of geothermal exploration because it uses simple calculations with data easily obtainable not only from the wells but also from the natural springs at the ground surface.





6. Conclusions


This study developed an activity index distribution map for the entire prefecture was also developed using the Aomori Prefecture Geothermal Resource database, compared it with the distribution of Quaternary volcanoes and the temperature distribution map calculated using quartz and Na-K solute geothermometers. The activity index distribution map for the entire prefecture showed a good fit with both the distribution map of a region with a sharp eastern edge of low-velocity zones in the mantle wedge and the volcanic front, as well as the temperature distribution map calculated using the quartz and Na-K geothermometers. This reflected the effectiveness of the developed map, which indicated the Hakkoda-san and Hiuchi-dake areas as promising for geothermal development.
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